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5301

Direct the heliostat to the target (e.g., energy receiver

and/or secondary reflector) mounted on tower
5305
Direct the heliostat to camera such that at least a
portion of heliostat reflects light to camera.
Acquire multiple images of heliostat.

S307

Subdivide the image into a plurality of subsections and

calculate corresponding data indicating an assignment

of each subsection to a specific area of the heliostat

S309

Calculate geometry data indicating a surface normal for

each specific area
5311
Determine parameters of heliostat
Optional

S309

For each heliostat, calculate geometry data indicating a

surface normal for each specific area
S320
Analyze data obtained from each of the heliostats

S330

According to results of data analysis, select a sub-

plurality of heliostats to cause to be simultaneously
aimed to target

FIG. 8B
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SYSTEMS AND METHODS FOR CONTROL
AND CALIBRATION OF A SOLAR POWER
TOWER SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Application No. 61/565,883, filed Dec. 1, 2011, which
1s 1ncorporated by reference herein in 1ts entirety.

FIELD

The present disclosure relates generally to the conversion
of solar radiation to usable forms of energy, such as heat
and/or electricity, and, more particularly, to systems and
methods for the control and calibration of a solar energy

collection system by determining an accurate shape of the
heliostat.

SUMMARY

Systems and methods for providing a predetermined ther-
mal profile, such as a uniform solar heat tlux profile to a solar
receiver(s) or recerver sections 1n a solar energy-based gen-
eration system are disclosed herein.

A solar power generation system can have a thermal-elec-
tric power generation component, in which icident solar
radiation 1s concentrated on a solar thermal recerver to heat a
heat transfer or working fluid for use in electricity generation.
A field of heliostat-mounted mirrors can retlect and concen-
trate incident solar radiation onto the solar receiver. In order
to provide good control of the solar power generation system,
it may be important to know the amount of solar flux which is
incident on each point of the recerver. Knowing this informa-
tion would allow one to calculate the amount of heat which 1s
being transierred to the working fluid at any one point on the
receiver.

The present disclosure 1s also directed to methods, sys-
tems, and devices for directly monitoring energy flux of a
solar recetver 1n a solar energy-based power generation sys-
tem. When operating a solar power system that includes a
solar receiver, 1t 1s desirable to know, for example, by means
of measurement or calculation, the quantity of energy trans-
ferred to a heat transfer fluid flowing through the receiver,
usually expressed as energy per unit of area, which 1s essen-
tially the captured energy per umit area, or flux. The flux may
vary over the recerver surface. A total flux for the recerver as
a whole may be defined, which may be the sum of all the
energy captured and transferred to the heat transfer tluid.

Cameras may be used to determine the shape of the
heliostat, which may then be used to characterize the reflected
beam and/or a property of the cross-section thereof to deter-
mine a projected beam property. In some examples, a mea-
surement of the shape or cross-sectional-area may be derived
from the data obtained by the camera. In another example, a
flux intensity map measuring the flux intensity at different
locations of the reflected beam cross section may be derived
from this data. Further, the shape of the heliostat may also be
used to determine the centroid location, whereby the heliostat
may be calibrated accordingly.

By knowing the exact shape of the heliostat, one would be
able to obtain precise control of the incident flux on the
receiver which would directly result mto an overall more
clfective system.

Some embodiments relate to a solar energy collection sys-
tem which may comprise a plurality of heliostats configured
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2

to reflect sunlight to a target mounted on a tower. Each
heliostat may comprise a heliostat controller configured to
control a respective heliostat of a plurality of heliostats such
that the sunlight retlected therefrom 1s directed to at least one
of a plurality of cameras. The plurality of cameras oriented to
image the respective heliostat of the plurality of heliostats.
The system further comprises a second controller which 1s
coniigured to compute geometry data that defines a geometry
of the surface of the respective heliostat from captured images
thereol, the geometry data designating a plurality of subsec-
tions of the surface. The computing includes storing data
indicating sections of the captured images corresponding to
the plurality of subsections of the respective heliostat. The
second controller 1s further configured to calculate data indi-
cating respective surface normals of each of said subsections
ol each of said respective heliostat.

The plurality of cameras may be mounted on a tower. In
some examples, both the plurality of cameras and the target
are mounted on the same tower. The plurality of cameras may
comprise at least one of a heat shield and an optical filter. The
plurality of cameras 1s configured to capture images of the
plurality of heliostats. For example, the plurality of cameras
may capture at least two 1mages of the respective heliostat
such that for each additional image of the respective heliostat,
the heliostat controller controls the respective heliostat to
shift to a different position. In some embodiments, the
heliostat controller may be configured to shift the heliostat an
angular distance of approximately 1.25 milliradian 1n the
clevation axis and/or approximately 1.25 milliradian in the
azimuth axis.

In some embodiments, each pixel of the captured image
may define a different subsection of the plurality of subsec-
tions. In other embodiments, each of the sections of the cap-
tured 1mage are individual pixels of the captured image.

According to embodiments, the second controller may be
configured to estimate at least one geometric parameter
which 1s common for each subsection of the respective
heliostat based at least in part on the calculated surface nor-
mal of each subsection. The second controller may also be
configured to estimate at least one geometric parameter
which 1s common for each subsection of the respective
heliostat based at least 1n part on the calculated surface nor-
mal of each subsection and at least one nominal geometric
parameter of the respective heliostat.

Some embodiments relate to a method of operating a solar
energy collection system. The method may comprise at first
times controlling a plurality of heliostats to reflect sunlight to
a receiver mounted on a tower. At second times, which are
different from the first times the method may comprise con-
trolling at least one heliostat of the plurality of heliostats to
reflect sunlight to a camera; acquiring multiple 1images of at
least one heliostat of the plurality of heliostats; subdividing
cach image of the multiple 1mages into a plurality of subsec-
tions, and calculating corresponding data indicating an
assignment of each subsection of the plurality of subsections
to a specific area of the least one heliostat of the plurality of
heliostats; and calculating geometry data indicating a surface
normal for each specific area of the least one heliostat of the
plurality of heliostats responsively to the multiple images.

The step of acquiring multiple images may comprise shift-
ing the heliostat an angular distance of approximately 1.25
milliradian 1n the elevation axis and/or approximately 1.25
milliradian 1 the azimuth axis and acquiring an image after
cach directional shift.

The method may further comprise, estimating at least one
geometric parameter which 1s common for each specific area
of the least one heliostat of the plurality of heliostats respon-
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stvely to the surface normal of each specific area. Responsive
to the estimated geometric parameter the heliostat may be

oriented to reflect sunlight to the recerver responsively to the
at least one geometric parameter. The estimating may be also
based on a nominal geometric parameter of the least one
heliostat of the plurality of heliostats. In some embodiments,
the shape of heliostat 1s calculated based on the calculated
geometry data.

Some embodiments relate to a method for controlling a
solar energy collection system. The method may comprise
capturing an image of a first heliostat of a plurality of
heliostats; subdividing the image into a plurality of subsec-
tions, and calculating corresponding data indicating an
assignment of each subsection of the plurality of subsections
to a specific area of the first heliostat; calculating the surface
normal of each specific area of the first heliostat; and calcu-
lating the solar flux distribution on an external face of a
tower-based recerver based at least in part on the calculating,
the surface normal of each specific area of the first heliostat.

The method may further comprise, directing the heliostat
to retlect incoming solar radiation onto aiming points on the
external surface of the receiver based at least 1n part on the
calculating of the solar flux distribution. The step of calculat-
ing the solar flux further may comprise estimating the shape
ol the beam retlected from the heliostat onto the external
surtace of the recerver.

Further embodiments relate to a method of operating a
solar energy collection system. The method may comprise at
first times controlling a plurality of heliostats to concentrate
sunlight onto a recerver, the receiver being mounted on a
tower. At second times, different from said first times, the
method may comprise controlling a camera and a first
heliostat of the plurality of heliostats to form multiple 1images
of the sun reflected 1n the heliostat using a camera; processing
cach of the multiple images and calculating reflection data for
cach of a plurality of subsections of said each of the multiple
images; calculating assignment data mapping regions of the
first heliostat to respective ones of the subsections; and cal-
culating data indicating a surface normal for each region
responsively to the reflection data.

Objects and advantages of the present disclosure will be
apparent from the following detailed description when con-
sidered in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments will hereinaiter be described with reference
to the accompanying drawings, which have not necessarily
been drawn to scale. Where applicable, some features may
not be 1llustrated to assist 1n the illustration and description of
underlying features. Throughout the figures, like reference
numerals denote like elements.

FIGS. 1-2 and are diagrammatic elevation views of a plu-
rality of heliostats and a central power tower, according to one
or more embodiments of the disclosed subject matter.

FIG. 3 1s an 1llustration of a hierarchical central heliostat
control system, according to one or more embodiments of the
disclosed subject matter.

FI1G. 4 1s a diagrammatic elevation view of a central solar
power system with a camera, according to one or more
embodiments of the disclosed subject matter.

FI1G. § 1s an illustration of a heliostat subdivided 1nto 1ndi-
vidual elements, according to one or more embodiments of
the disclosed subject matter.

FIG. 6 A shows a plurality of snapshots of a heliostat ori-
ented at different orientation angles, according to one or more
embodiments of the disclosed subject matter.
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FIGS. 6B and 6C are 1llustrations of a heliostat in which the
clements of the heliostat which reflect light to the camera are
identified, according to one or more embodiments of the
disclosed subject matter.

FIG. 7 1s an orientation map illustrating the orientation of
the heliostat for a particular subdivision/element of the
heliostat, according to one or more embodiments of the dis-
closed subject matter.

FIGS. 8 A-8B are tlowcharts of routines of operating a solar
energy system, according to one or more embodiments of the
disclosed subject matter.

FIGS. 9A-9B are diagrammatic elevation views ol a
heliostat and a central power tower system equipped with a
camera, according to one or more embodiments of the dis-
closed subject matter.

FIG. 10 1s a diagrammatic plan view of a solar power tower
system showing an example of how a plurality of cameras
may be provided to cover a surround heliostat field, according
to one or more embodiments of the disclosed subject matter.

DETAILED DESCRIPTION

According to the some embodiments, a solar power tower
system includes at least one tower and at least one set of
heliostats. Each heliostat tracks the sun 1n order to reflect light
to a target on a tower. The heliostats can be arrayed i any
suitable manner, but preferably their spacing and positioning,
are selected to provide optimal financial return over a life
cycle according to predictive weather data and at least one
optimization goal such as total solar energy utilization,
energy storage, electricity production, or revenue generation
from sales of electricity.

An energy conversion target or solar receiver uses reflected
and optionally concentrated solar radiation and converts it to
some useful form of energy, such as heat or electricity. The
solar recerver may be located at the top of a recerver tower or
at some other location, for example 11 an intermediate retlec-
tor (also called a secondary retlector) 1s used to bounce light
received at the top of a tower down to a receiver located at
ground level or at an intermediate height. For the present
disclosure, the terms ‘energy conversion target’ and ‘solar
receiver’ are used interchangeably and refer to a device or
apparatus for converting insolation into some other form of
energy—Ior example, electricity or thermal energy.

Referring now to the figures and 1n particular to FIG. 1, a
solar power tower system 43 1s provided 1n which heliostats
38 include mirrors 8 that reflect incident solar radiation 28
onto a target mounted on tower 43 (for example, solar recerver
1). The heliostat-mounted mirrors 8 are capable of tracking
the apparent movement of the sun 25 across the sky each day
in order to maintain the reflective focus 1n the direction of the
receiver 1 as the angle of the incident radiation 28 changes.
This tracking capability may be provided at least 1n part by a
heliostat controller (not shown 1n FIG. 1, but see, for example,
clement 65 of F1G. 3) for controlling one or more orientation
parameters of mirror 8 to aim reflection beam 398.

The skilled artisan will realize that the heliostat controller
may include any combination of mechanical parts (for
example including motors, actuators, etc. . . . ) and/or electri-
cal circuitry (for example, integrated circuits). In one non-
limiting example, the electrical circuitry includes one or more
computer microprocessors configured to execute soltware or
code module(s) residing 1n volatile memory. In another non-
limiting example, the heliostat controller may 1nclude gate
array electronics for example, field-programmable gate array
(FPGA). As will be explained below, 1n some embodiments,
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heliostat controller of heliostat 38 may also be configured for
aiming the mirrors 8 at locations other than the target located
atop tower 43.

In the example of FIG. 1, solar receiver 1 (for the present
disclosure, “receiver” and “solar receiver” are used inter-
changeably) 1s located atop a tower 43. FIG. 2 1llustrates an
alternative embodiment where receiver 1 1s located on the
ground, and the target 1s a secondary reflector (in contrast to
FIG. 1 where the target 1s a solar recerver). Thus, 1n the
example of FIG. 2, the heliostat-mounted mirrors 8 reflect
solar radiation onto one or more secondary reflectors 9 which
turther reflect the radiation onto the recerver 1.

As shown 1n the figures, the reflection of the incident radia-
tion beam 28 produces a reflection beam 398 which 1s
reflected to the target, which 1s etther a solar recerver (1.e., for
converting insolation to another form of energy such as ther-
mal energy or electricity) or a secondary retlector configured
to relay light to a solar receiver. In one example, the solar
receiver (either mounted on the tower as in FIG. 1 or operative
to receive msolation from a secondary mounted on the tower
as 1n FIG. 2) 1s a solar boiler for boiling water and/or heating
steam—this solar boiler may be operatively linked to an appa-
ratus 45 for converting solar steam to electricity. In another
example, the solar recerver 1s a molten salt solar recerver.

It 1s appreciated that the figures are not required to be to
scale. For example, in some embodiment, the tower 1s much
taller (e.g. at least 5 times or 10 times or 20 times or more)
than heliostats 38. In different examples, the tower height 1s at
least 25 meters, at least 75 meters, at least 100 meters, at least
1235 meters, at least 200 meters, or even higher.

Although the heliostat mirror 1s drawn 1n the figures as a
straight line representing a planar mirror, 1t 1s appreciated that
this 1s not a limitation, and that other shaped mirrors may be
employed. For example, the heliostat mirror may be concave.

As noted above, each heliostat may include a heliostat
controller including mechanical parts and electrical circuitry
for tracking the sun. In some embodiments and as will be
discussed below, heliostat controllers may be operative to
move the reflection beam to another location other than the
target (e.g., the receiver 1 or the retlector 9).

In some embodiments, each heliostat controller 1s autono-
mous and may aim mirror 8 to provide a certain functionality
without requiring external input. Alternatively or addition-
ally, each heliostat controller may respond to one or more
clectronic communications (for example, external com-
mands) recerved from external electronic device or system
(located at any location) describing how to aim mirror 8. For
both cases, it may be said that the heliostat controller 1s
‘operative’ to provide the functionality (for example, aiming
functionality).

A solar power tower system 43 also generally includes a
heliostat field control system for helping the system operator
or owner attain or maintain pre-defined operating parameters
and/or constraints, some of which may be based on achieving
optimization goals and some of which may be based on main-
taining the safety of the system and its operation. For
example, a heliostat field control system can be used to ensure
that light energy flux 1s distributed across the surface of a
target 1n accordance with a predetermined set of desired val-
ues (see, for example, International Publication No. WO
2009/1030°77, which 1s incorporated by reference herein 1n 1ts
entirety). Alternatively, 1t can be used to maximize conversion
of energy from solar radiation to latent and/or sensible heat 1n
a working fluid within a recerver, and/or conversion of solar
energy to electricity by photovoltaic (or photoelectrochemi-
cal) means, while ensuring that local temperatures on the
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surface of the recerver, or local concentrations of solar flux,
do not exceed a predetermined local maximum.

Overall control of the multiple heliostats can be either
centralized 1n a single computer or distributed among several
or many processors. Thus, in some embodiments, decisions
about where to aim the heliostats may be carried out locally
by the various heliostat controllers. Alternatively or addition-
ally, the heliostat field controller may communicate aiming
instructions to one or more heliostat controllers which are
configured to then provide this aiming functionality.

Heliostats 70 1n a field 60 can be controlled through a
central heliostat field control system 91, for example, as
shown 1n FIG. 3. For example, a central heliostat field control
system 91 can communicate hierarchically through a data
communications network with controllers of individual
heliostats. Additionally or alternatively, the heliostat field can
be controlled by any combination or variation on centralized
control and distributed control, for example, by using a con-
trol system that communicates hierarchically through a data
communications network with individual or final controllers
for each heliostat.

FIG. 3 illustrates a hierarchical control system 91 that
includes three levels of control hierarchy, although 1n other
implementations there can be more or fewer levels of hierar-
chy, and 1n still other implementations the entire data com-
munications network can be without hierarchy, for example,
in a distributed processing arrangement using a peer-to-peer
communications protocol. At a lowest level of control hier-
archy (1.e., the level provided by heliostat controller) in the
illustration there are provided programmable heliostat con-
trol systems (HCS) 65, which control the two-axis (azimuth
and elevation) movements of heliostats (not shown), for
example, as they track the movement of the sun. At a higher
level of control hierarchy, heliostat array control systems
(HACS) 92, 93 are provided, each of which controls the
operation of heliostats 70 (not shown) 1n heliostat fields 96,
97, by commumicating with programmable heliostat control
systems 65 associated with those heliostats 70 through a
multipoint data network 94 employing a network operating
system such as CAN, Devicenet, Ethernet, or the like. At a
still higher level of control hierarchy a master control system
(MCS) 95 1s provided which indirectly controls the operation
of heliostats 1n heliostat fields 96, 97 by communicating with
heliostat array control systems 92, 93 through network 94.
Master control system 95 further controls the operation of a
solar receiver (not shown) by communication through net-
work 94 to a recerver control system (RCS) 99.

In FIG. 3, the programmable heliostat control systems 65
provided 1n heliostat field 97 communicate with heliostat
array control system 93 through network 94 by means of
wireless communications. To this end, each of the program-
mable heliostat control systems 65 in heliostat field 97 1s
equipped with a wireless communications transceiver adapter
102, as 1s wireless network router 101, which 1s optionally
deployed 1n network 94 to handle network traffic to and
among the programmable heliostat control systems 65 1n
heliostat field 97 more efficiently. In some embodiments, the
portion of network 94 provided in heliostat field 96 can be
partially based on copper wire or fiber optic connections.
Master control system 95, heliostat array control system 92
and wired network control bus router 100, which 1s optionally
deployed 1n network 94 can be equipped with a wired com-
munications adapter in order to handle communications trat-
fic to and among the programmable heliostat control systems
65 1n heliostat field 96 more efliciently. In some embodi-
ments, master control system 95 1s optionally equipped with
a wireless communications adapter (not shown).
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One of the possible functions of a control system (includ-
ing local heliostat controller(s) and/or one or more higher-
level controllers—tor example, a centralized heliostat field
controller) 1s to direct heliostats to various aiming points on
the surface of a target, or alternatively away from the surface
ol a target when operating conditions require it. This 1s done
on the basis of periodically or continuously evaluating vari-
ous 1puts, which can include, inter alia, predictive and/or
measured meteorological data; and measured and/or calcu-
lated operating conditions and operating parameters of the
heliostats and the recervers. Among the operating conditions
and parameters which can be used 1n applying control func-
tions are 1nstant and historical temperature data for the exter-
nal surface of the receiver, and instant and historical light
energy flux density data for the external surface of the
receiver. For example, the distribution of temperature across
the surface of a recerver at a given moment can be compared
with a pre-determined set of desired values or with the data for
an earlier moment in time 1n order for the controller to decide
whether current heliostat aiming instructions are adequate to
meet system optimization goals or safety-based operational
constraints, and especially when taking into account mea-
sured and predictive weather data. Similarly, the distribution
of light energy flux density across the surface of a target at a
given moment can be compared with a predetermined set of
desired values, or, alternatively, used to calibrate the calcula-
tion of predicted flux densities that are used by a control
system which generates sets of aiming points and directs
heliostats to those aiming points based on those predicted
patterns of resultant light energy flux density. The skilled
artisan 1s directed to, for example, the incorporated by refer-
ence International Publication No. WO 2009/103077.

Another function of a control system includes the calibra-
tion of heliostats, or more specifically, the calibration of the
reflection of solar radiation on a target with respect to a
desired or predicted reflection, for example in terms of the
location of the reflection, or in terms of the shape of the
reflection, or in terms of the intensity of light flux at a plurality
of points 1n the reflection, or 1n terms of any combination of
data that describes the beam projection (reflection) 1 a
desired format. As noted above, this functionality may be
provided by the heliostat controller of a single heliostat either
autonomously or 1n response to electronic communications
received, for example, from a heliostat field controller.

It 1s noted that 1n many cases, heliostat controller attempts
to aim the heliostat at the target so that the centroid of the
reflection beam 1s located at a target centroid location. In
many real-world scenarios, over time certain factors may
cause the heliostat to deviate from its preferred operating
parameters, for example, wind or mechanical backlash may
move the mirror or one or more heliostat moving parts asso-
ciated with the aiming the heliostat, changes 1n temperature
may distort the mirror, seismic activity may influence
heliostat aiming or any other factors may influence heliostat
aiming.

For the present disclosure, the terms ‘aiming’ and ‘direct-
ing’ are used interchangeably.

In some embodiments, a system comprising a plurality of
heliostats configured to reflect sunlight to a target mounted on
a tower and a plurality of cameras directed towards the
heliostats and 1s configured to capture images of at least one
ol the heliostats.

In some embodiments, at one or more times, i1nstead of
being directed at the target, the reflection beam (1.e., a reflec-
tion of a beam of sunlight) produced by each heliostat may be
directed at a camera. The camera 1s used for detecting the light
reflected by heliostats.
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The images captured by the camera may be useful in deter-
mining an accurate shape of the heliostat. In one non-limiting
example, the data obtained from the captured 1image may be
used to calculate the surface normal of a plurality of subsec-
tions/specific areas of the heliostat.

As will be discussed in greater detail below, the data
acquired by each of the cameras may be used to characterize
the reflected beam and/or a property of the cross-section
thereol to determine a projected beam property. In one non-
limiting example, a measurement of the shape or cross-sec-
tional-area (or an indicative parameter thereol) may be
derived from the data. In another example, a flux intensity
map measuring the tlux intensity at different locations of the
reflected beam cross section may be derived from the data. In
yet another example, a so-called beam offset may be derived
from the data.

The data may also be useful for calibrating the heliostat to
determine and/or modily one or more operating parameters of
one or more of heliostats. The heliostat calibration may be
carried out 1n a closed-loop system although alternatively 1t
can be used 1n an open-loop system. A closed-loop system 1s
one 1n which the data obtained or derived by the controller, 1s
used to change heliostat aiming 1nstructions, to change the
characterization of a heliostat 1n a database, or to bring about
heliostat maintenance by having a computer program analyze
the data and 1ssue electronic instructions on a periodic or
real-time basis without significant operator mtervention. An
open-loop system 1s one 1n which the data 1s stored or ana-
lyzed, and used at a later time for changing heliostat aiming
instructions or for bringing about heliostat maintenance, usu-
ally after intervention by a human operator.

In some embodiments, the plurality of cameras are prefer-
ably positioned so as to be accessible to the reflected light
beams of large numbers of heliostats and therefore are best
located at, near or on a central tower on which a receiver or
other target 1s located since large numbers of heliostats are
generally capable of aiming reflected light 1n the direction of
a central tower. The plurality of cameras are most preferably
close to a target (such as a receiver or secondary reflector) so
as to minimize travel time of heliostats diverted from regular
tracking (focusing reflected light onto the target) for the pur-
poses of calibration.

Referring now to FIG. 4, a camera 50 1s shown 1n a solar
energy collection system similar to that i1llustrated in FIG. 1.
The camera may be positioned on tower 43. According to
some embodiments, camera 50 may be positioned below
receiver 1 (not shown), or alternatively above receiver 1.
Camera 30 can have a field of view 52 which encompasses at
least a least a portion of the solar field. In some embodiments,
camera 30 may be configured to capture a plurality of images
ol at least one heliostat of a plurality of heliostats in a solar
field. Camera 50 may transmit the resulting image to control-
ler 54. Transmission of the image to controller 54 may be
alfected by a wireless transmission link 56, or alternatively by
a wired transmission link (not shown).

According to an embodiment, the camera also includes a
heat shield. The purpose of the heat shield 1s to eliminate most
the heat incident on the camera. Without the heat shield, the
heat may increase the temperature of the camera beyond its
recommended operating conditions. As the number of
heliostats retlecting sunlight to the camera increases, the tem-
perature of the camera increases. In some embodiments, this
may limit the number of heliostats that may reflect sunlight to
the camera at the same time. Accordingly, the purpose of the
heat shield 1s to reduce the camera temperature. In some
embodiments, the heat shield 1s a highly reflective material. In
other embodiments, an air or water cooling system may be
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included to remove heat from the camera. Alternatively, the
camera may have a reduced cross-section, thereby reducing
the amount of light incident on the camera body.

One method of accurately determining the reflected flux on
the surface of the receiver 1s by knowing the shape of the
heliostat. The intensity of each point of the retlected beam
may be calculated by knowing the different characteristics of
the heliostat reflecting said beam. For example, by knowing,
the shape of the reflective surface of the heliostat, one would
be able to determine the surface normal of individual subsec-
tions/specific area of the heliostat, and hence calculate the
beam shape, beam location and flux intensity of each heliostat
individually.

Similarly, the calibration of the retlected beam projection
on the recerver with respect to a desired or predicted reflection
may also be achieved.

Controller 54 can be configured to use the captured image
obtained from the camera in order to calculate the surface
normal of a specific subsection/specific area of the heliostat.
According to some embodiments, controller 54 1s configured
to create subdivisions of a heliostat. The heliostat may be
subdivided as many times as necessary to provide suilicient
data that can be subsequently used to determine a precise
shape of the heliostat. As may be expected, the greater num-
ber of subdivisions, the more accurate one may determine the
shape of the heliostat.

Referring now to FIG. 5, a heliostat 60 may include a
plurality of virtual subdivisions 62, which aggregately cover
at least a portion of the surface of heliostat 60 and preferably
substantially cover the entire surface of heliostat 60. In a
non-limiting example of a solar energy collection system,
cach subdivision 64 may correspond to the section of the
heliostat covered by a single pixel of resolution of a camera.
Alternatively, each pixel may correspond to multiple subdi-
visions. In other words, controller 54 may also be configured
to assign each individual subdivision 64 to a specific element/
area of the heliostat. As shown 1n FIG. 5, subdivision 64 refers
to an element located 1n the top-left-hand comer of heliostat
60.

As will be discussed below 1n detail, controller 54 may then
calculate the surface normal for each subdivision 64 of
heliostat 60. By knowing the surface normal of each subdi-
vision of heliostat 60, an accurate shape of the heliostat may
be determined. With this information, reflected beam charac-
teristics may be calculated and/or determined. These charac-
teristics, may include, inter alia, beam, shape, flux density
map and beam location (1.e. calibration).

According to embodiments, a heliostat may be directed
towards a camera in such a manner that at least a portion of the
heliostat retlects sunlight towards the camera.

FIG. 6A illustrates a plurality of snapshots of a single
heliostat oriented at different orientation angles. In the
example of FIG. 7A, it 1s shown that depending on the orien-
tation of the heliostat, different portions o the heliostat retlect
light towards the camera. In some examples, controller 54
may determine 1f light 1s reflected to the camera from a
specific element of the heliostat based on a yes/no response
function. In other examples, the controller may calculate the
amount of light being reflected to the camera from a specific
clement of the heliostat based on the light intensity of the
specific element as produced 1n the captured 1mage.

The example of FIGS. 6B and 6C are simple illustrations of
a heliostat in which the elements of the heliostat which retlect
light to the camera are 1dentified. Heliostat 70 of FIG. 6B 1s at
a {irst orientation angle with respect to the azimuth and eleva-
tion 71 and heliostat 70 of FIG. 6C 1s at a second orientation
angle 71' with respect to the azimuth and elevation. Heliostat
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70 at a first orientation 71 reflects light to the camera from
specific points/subdivisions shown as white circles 72. The
specific points/subdivisions shown as black circles 74 1ndi-
cate points/subdivisions which do not retlect light to the cam-
era at the first orientation. Heliostat 70 at a second orientation
71' reflects light to the camera from specific points/subdivi-
s1ons shown as white circles 72'. The specific points/subdivi-
s1ons shown as black circles 74" indicate points/subdivisions
which do not reflect light to the camera at the second orien-
tation.

According to some embodiments, a heliostat 1s controlled
such that a least a portion of the heliostat reflects light to the
camera. The camera which 1s configured to capture images of
the heliostat captures an image of the heliostat. In order to
determine the surface normal of each subdivision of the
heliostat, the heliostat may be rotated about an axis (1.e. yaw
and/or pitch). In some examples, the heliostat 1s rotated an
angular distance of 1.25 milliradian 1n the azimuth axis (yaw)
and/or approximately 1.25 milliradian in the elevation axis
(pitch).

The above process may be repeated until a sufficient num-
ber of images of the heliostat with different orientation angles
are obtained. The larger number of 1images of the heliostat at
different orientation angles obtained, the more accurate shape
of the heliostat may be determined. According to some
embodiments, the heliostat may be rotated to at least 4, at least
10, at least 20 or at least 50 different orientation angles. In
other embodiments, the 1mages may be captured at different
times of the day when the sun 1s 1n different positions, thereby
producing additional data of vectors and angles in order to
determine the surface normal of each element of the heliostat.
The data captured by images taken at different times of the
day, may be used in calibrating the heliostat and updating 1ts
geometric parameters.

In order to determine the surface normal of each subdivi-
s1on of the heliostat, amap as shown 1n FIG. 7 may be created
for each subdivision of the heliostat. A map 800 of a specific
subdivision 1s essentially an orientation map and 1illustrates
the orientation of the heliostat for a particular subdivision/
clement of the heliostat. Map 800 indicates whether the par-
ticular subdivision/element reflects light to the camera.
According to some embodiments, upper row of the map 810
relates to the highest elevation of the elevation as recorded by
the camera, lowest row of the map 820 relates to the lowest
clevation of the elevation as recorded by the camera, left-most
column of the map 830 and right-most column of the map 840
relate to the furthest distance travelled by the heliostat tan-
gential to the earth’s surface as recorded by the camera. For
cach orientation angle of the heliostat, the map illustrates
whether the particular subdivision/element reflects light to
the camera. In the specific example of FIG. 7, the white
colored circles 860 indicate that light is reflected to the cam-
era from the particular subdivision/element, and the black
colored circles 880 indicate that light 1s not retlected to the
camera from the particular subdivision/element. Other
embodiments may take into account the light intensity
detected by the camera. For example, a grayscale image of the
heliostat may be acquired by the camera. The colors black and
white are used 1n thus example for illustrative purposes only.
By assigning a different grayscale value to each subsection,
the amount of sunlight being reflected from the specific sub-
division/element may be more precisely determined. Due to
the fact that the subsection may not be purely planar, and the
brightness of the sun does not have one value, the use of a
grayscale image may provide more accurate data.

In order to retlect to determine the surface normal of each
subdivision of the heliostat, the above discussed system uses
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known geometric information about the solar energy collec-
tion system. The direction of the sun may be obtained by
known methods when the time and location on the earth are
known. The location of the cameras and heliostat are known
from standard surveying techniques, for example, by using
global positioning system (GPS) equipment. However, 1t 1s
not known which part of the sun 1s being reflected by the
heliostat to the camera.

The data and configuration of white colored circles 860 as
shown 1n FIG. 7 may be used to accurately determine the
orientation angle of the heliostat which reflects light from the
center of the sun to the camera. By discounting black dots
880, and by combining the known possible from each white
dot 860, 1t 1s possible to accurately determine the orientation
angle of the heliostat. For example, by drawing a circle
around white spot 861 whose size 1s relative to the diameter of
the sun, 1t 1s know that light from the center of the sun 1s found
somewhere 1n that circle. By drawing an identical circle
around circle 862 it 1s known that the light from the center of
the sun may only be 1n the area itersecting both circles. The
same process 1s repeated so as to include all white circles 860.
This allows for the determination of the normal vector which
1s required to bisect the vector from the subdivision of the
heliostat to the center of the sun and the vector from the
subdivision of the heliostat to the camera. This requirement
may be necessary 1n order to ensure that sunlight 1s reflected
to the camera.

By knowing the surface normal of each subdivision of the
heliostat, one may determine the precise shape of the
heliostat. This information may be further used to calculate
the shape of the reflected beam as well as the flux density map
of the retlected beam. Further, the geometric parameters may
be calibrated and updated by knowing the surface normal of
cach subdivision of the heliostat. Geometric parameters are
those parameters which define the precise location and/or
orientation of the heliostat in terms of a global coordinate
system. Non-limiting examples of the parameters may
include manufacturing uncertainties and/or installation
uncertainties, such as, pylon verticality, pylon orientation,
olfset in the elevation, angle between the azimuth orientation
axis and the elevation orientation axis, angle between the
elevation orientation axis and the mirror, etc.

FIGS. 8A-8B are flow charts of routines for operating a
heliostat of a solar energy system according to some embodi-
ments.

Reference 1s made to FIG. 8A. In step S301 a heliostat 1s
directed at the target (e.g. a solar energy conversation target
and/or a secondary reflector) mounted on the tower for
example, to generate energy from the retlected beam that 1s
projected onto the target. In step S305, the same heliostat 1s
directed to the camera such that at least a portion of the
heliostat reflects light to the camera and multiple 1mages of
the heliostat are acquired.

In a first example, the heliostat 1s redirected from a first
orientation when 1t 1s aiming at the target to a second orien-
tation when 1t 1s aimed at the camera. In a second example, the
heliostat 1s directed at the target, and then may be re-directed
to aim away 1rom both the tower and the camera. In step S307
the 1mage 1s subdivided into a plurality of subsections. Cor-
responding data indicating an assignment of each subsection
to a specific area of the heliostat may be calculated. These
subsections are to be assigned to a specific area of the
heliostat. In some examples, the acquired image of the
heliostat may be superimposed with a virtual grid such that
cach subsection corresponds to a specific section of the
heliostat (see FIG. 5). In step S309 geometry data indicating,
a surface normal for each specific area are calculated. Some
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embodiments may include step S311 in which one or more
parameters of the heliostat are determined.

Reference 1s now made to FIG. 8B. In step S309, for each
specific area of the heliostat, respective geometric data indi-
cating a surface normal are calculated. In step S320, the data
1s analyzed. In one particular example, the respective shape of
cach heliostat or flux intensity map of each heliostat 1s deter-
mined, for example, to create a database of heliostat shapes or
heliostat intensity maps. In step S330, according to the results
of the data analysis, heliostat selection may be carried out i.e.,
a sub-plurality of the plurality of heliostats may be selected
for simultaneous aiming at the target. In one example, 1t may
be desired to provide a certain flux distribution at the target,
and heliostat retlection beams (whose beam parameters are
known from the data) may be selected accordingly.

In some embodiments, the system includes software for
providing instructions to heliostats to track to the camera,
including at least one set of tracking coordinates and tracking
speed. The instructions can be propagated through a data
network or communicated directly in accordance with the
architecture of the solar field control system. The instruc-
tions, 1f transmitted 1n advance, may include a time when the
heliostat controller should 1nitiate execution of the mnstruc-
tions, and the heliostat controller may be equipped with data
storage means for storing such instructions. Alternatively the
instructions can be pre-programmed 1n a heliostat controller
(e.g., stored on a computer readable medium of the control-
ler). For example, a heliostat controller may include a stored
set of 1instructions to track to the camera with a given period-
icity such as, for example, weekly or monthly.

In preferred embodiments, the system also includes com-
puter hardware and software for analyzing the data obtained
or recorded from the digital imaging devices or other light
cameras. The analysis 1s performed for the purpose of cali-
brating the heliostat, where calibrating may include at least
one of: determining or approximating the beam projection
shape and 1ts deviation from the predicted; determining the
intensity of light at a plurality of points within the beam
projection and any deviation from the projected distribution
ol light intensity; correcting a structural or assembly error, or
shape aberration, or any other malfunction or deviation from
design 1n a heliostat; storing or using any of these data ele-
ments for the purpose of updating or changing a database of
heliostat-related data or of updating or changing the aiming
and/or tracking instructions of a heliostat; or analysis of the
data by a system designer or operator.

The analysis software 1s capable of calculating a beam
projection shape and/or calculating the statistical distribu-
tion, using data obtained and/or recorded by the cameras, and
optionally using statistical techniques applying a Gaussian or
other probabilistic distribution to the light intensity of a
heliostat beam projection. Additionally, the software can be
capable of producing a digital map of the flux intensity at a
plurality of points 1n the beam projection. Any of these cal-
culated parameters can be used 1n the calibration of heliostats
as described above. Heliostats (or a control system {for
heliostats and/or heliostat controllers) are configured to
modily aiming instructions such as target coordinates in
response to data obtained during the calibration process or in
response to the result of the analysis of the data.

The analysis software can also include software for trans-
formation of a curvilinear projection 1n order to ‘translate’ a
beam projection shape and/or map of light intensity values to
the surface geometry of a recerver, taking into account: the
different angle of incidence of retlected light on the recerver
compared with that on the camera; the different attitude of the
receiver with respect to the heliostat field; and/or the external
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surface characteristics of the receiver (for example, which
may comprise individual round boiler tubes rather than a
smooth external surface panel).

In another embodiment, a solar power tower system
includes a solar field and a plurality of cameras on a tower. A
target such as a thermal or photovoltaic receiver, or alterna-
tively a secondary reflector, 1s situated at or near the top of the
tower. The plurality of cameras can be provided in accordance
with any of the embodiments described above.

In the case of a thermal recerver or photovoltaic target, for
example, the cameras would optimally be provided just below
the recetver on the side of the tower as shown 1n FIG. 9A.
Referring now to FIG. 9A, a recerver 1 sits atop a tower 43,
similar to the arrangement of FIG. 1. At least one heliostat 38
1s configured with tracking and pivoting means as described
above to reflect sunlight 28 onto the recerver 1. A camera 100
1s positioned on the tower 43 below the recerver 1 so that a

heliostat 38 can also track to the camera 100 and reflect
sunlight 28 onto the camera 100. Reflected light 30 1s
reflected to the camera 1n accordance with tracking instruc-
tions executed by a heliostat 38 from time to time. The camera
100 can optionally be angled toward the solar field 1n order to
cause light reflected from heliostats to hit the camera at a
more desirable angle, 11 the benefits of such an angling would
outweigh additional material, installation and/or mainte-
nance costs.

In the case of a secondary reflector used as a “beam-down’
mirror, the cameras could be either above the secondary
reflector or on one of the tower supports of the secondary
reflector as shown 1n FIG. 9B. In FIG. 9B, receiver 1 sits on
but not at the top of a tower 43 (or alternatively near or at its
base) on which 1s provided a secondary retlector 9, similar to
the arrangement ol FIG. 2. At least one heliostat 38 1s con-
figured with tracking and pivoting means as described above
to reflect sunlight onto the secondary reflector 9. A camera
100a 1s positioned on the tower 43 below the secondary
reflector 9 so that a heliostat 38 can also track to the camera
10056. Alternatively, or optionally 1n addition, a camera 1005
1s positioned on the tower 43 higher than the secondary retlec-
tor 9, 1n a location allowing a heliostat to track to the camera
10056 without the beam being blocked by the recerver at least
part of the time.

In a preferred embodiment, the cameras include optical
clements to improve the ability of the cameras to detect or
measure the light reflected by heliostats. An example of an
optical element 1s a filter that can be placed over the cameras,
in order to reduce total or maximum light intensity to a level
more appropriate to the sensitivity and/or operating charac-
teristics of the cameras. Other examples of optical elements
may include lenses with anti-retlective coatings or dust-re-
pellent coatings, focusing lenses or spectrally selective filters.
Alternatively, light intensity may be moderated by software.

In another preferred embodiment, the solar power tower
system 1ncludes multiple cameras in order to make them
accessible to all the heliostats 1n a solar field. In an example,
a solar power tower system includes a surround receiver on a
four-sided tower, and additionally includes a surround field of
heliostats, 1.¢., 360° around the tower. In this case the system
would include at least one camera, one on each side of the
tower. Referring now to FIG. 10, a tower 43 on which a
receiver (not shown) 1s sited 1s surrounded by a solar field 39
comprising, inter alia, a plurality of heliostats 38 1n each of
four quadrants Q1, Q2, Q3 and Q4. At least one camera 100,
1s positioned on the tower such that each of a plurality of
cameras 100 can accommodate calibration of the heliostats 1n

one of the four quadrants Q1, Q2, Q3 and Q4.
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In other embodiments, a method for operating a solar

power tower system includes using a camera to capture the
light reflected from a heliostat for the purposes of calibration,
where calibration can include at least one of: determining or
approximating a statistical distribution of a heliostat’s beam
project and/or 1ts deviation from a desired or predicted set of
values; determining the beam projection shape and/or its
deviation from a desired or predicted set of values; determin-
ing the flux and/or light intensity at a plurality of points within
the beam projection and/or any deviation from a desired or
predicted set of values; correcting a structural or assembly
error, or shape aberration, or any other malfunction or devia-
tion from design 1n a heliostat; storing or using any of these
data elements for the purpose of updating or changing a
database of heliostat-related data or of updating or changing
the aiming and/or tracking instructions of a heliostat; or
analysis of the data by a system designer or operator. Accord-
ing to the method, the camera i1s used for calibration of
heliostats 1 a solar power tower system by acquiring an
image ol each heliostat, or alternatively groups of heliostats,
for example once every two weeks, once every month, or once
every two months. Therefore, the method preferably includes
sending 1nstructions, directly or through a data communica-
tions network, to a heliostat to cause it to track to the camera.
Alternatively 1t would be possible to make use of a prepro-
grammed heliostat controller which causes a heliostat to track
to the camera with a desired periodicity or under certain
preset conditions. In any of the embodiments, light retlected
by the heliostat onto a camera can come from the sun, the
moon, or from a light projector.
The method also includes selecting heliostats for tracking
to the camera 1n accordance with their relative availability or,
conversely, with 1n accordance with how much each heliostat
1s needed by the solar power tower system. For example, 1t 1s
known that during hours of peak insolation many heliostats
are turned away from their usual receiver or other target 1n
order not to overload a receiver or some other system com-
ponent (such as a turbine 1n the case of a concentrated solar
thermal plant), or so as not to exceed a contractual or regula-
tory limait (for example the conditions of a power purchasing
agreement). It 1s therefore desirable to select those heliostats
not instantly required during such peak insolation hours and
instead to cause them to track to the camera at that time. In
another example, there may be excess heliostats on one side
of a tower; for example, 1t 1s known that the heliostats east of
a tower in the afternoon (in the northern hemisphere) can
reflect up to three times as much light onto the eastern side of
a recerver than they can 1n the moming (because retlected
light1s reduced 1n accordance with the cosine ot half the angle
between incidence and reflection). In accordance with the
method 1t would be desirable to cause such excess heliostats
to track to the camera for calibration during such times as they
are not needed for energy conversion so as not to make them
unavailable at other times when they are more acutely needed
(e.g., the morning hours 1n the eastern field).

Other embodiments relate to amethod of calibrating a solar
power tower system by reflecting moonlight to a plurality of
cameras. A system may comprise a plurality of heliostats
which are configured to reflect sunlight to a recerver; a plu-
rality of cameras directed towards the plurality of heliostats
which are configured to capture 1mages of at least one of the
plurality of heliostats; and a controller which 1s configured to
acquire one or more orientation angles of each of the
heliostats for which moonlight is reflected from each of the
heliostats to one of the cameras. This may mean that the
controller 1s to determine the orientation angle of the heliostat
when the heliostat 1s retlecting moonlight to the camera.
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During the acquisition process, the heliostat may be rotated
in a number of different configurations so that the centroid of
the retlected moonlight 1s directed to the camera.

The above system may include a second controller which 1s
configured to estimate at least one geometric parameter for
cach of the heliostats. In some examples, the estimation may
be based at least 1n part by calculating a new updated set of
parameters form the acquired orientation angles and a nomi-
nal set of geometric parameters. The nominal parameters may
be obtained from the blueprints of the solar plant or alterna-
tively from the previous calibration of the heliostat.

According to other embodiments, the system may further
include a tracking controller which 1s configured to control
and rotate the heliostats to reflect sunlight to the recerver
based 1n part on the updated/refreshed set of parameters of the
heliostat.

An advantage of performing the calibration process using
moonlight 1s that the calibration of the heliostats may take
place at night when the solar plant 1s not 1n operation. By
calibrating during plant operation, 1t may be necessary to take
heliostats “offline” and therefore they cannot be used to gen-
crate steam, 1.e., electricity.

It will be appreciated that the methods, processes, and
systems described above can be implemented 1n hardware,
hardware programmed by soiftware, soitware instruction
stored on a non-transitory computer readable medium or a
combination of the above. For example, the processors
described herein can be configured to execute a sequence of
programmed instructions stored on a non-transitory com-
puter readable medium. The processors can include, but are
not limited to, a personal computer or workstation or other
such computing system that includes a processor, micropro-
cessor, microcontroller device, or 1s comprised of control
logic including integrated circuits such as, for example, an
Application Specific Integrated Circuit (ASIC). The nstruc-
tions can be compiled from source code mstructions provided
in accordance with a programming language such as Java,
C++, Cé#.net or the like. The instructions can also comprise
code and data objects provided in accordance with, for
example, the Visual Basic™ language, or another structured
or object-oriented programming language. The sequence of
programmed 1nstructions and data associated therewith can
be stored 1n a non-transitory computer-readable medium such
as a computer memory or storage device which can be any
suitable memory apparatus, such as, but not limited to read-
only memory (ROM), programmable read-only memory
(PROM), clectrically erasable programmable read-only
memory (EEPROM), random-access memory (RAM), flash
memory, disk drive, etc.

Furthermore, the disclosed methods, processes, and/or sys-
tems can be implemented by a single processor or by a dis-
tributed processor. Further, it should be appreciated that the
steps discussed herein can be performed on a single or dis-
tributed processor (single and/or multi-core). Also, the meth-
ods, processes, and/or systems described 1n the embodiments
above can be distributed across multiple computers or sys-
tems or can be co-located 1n a single processor or system.
Exemplary structural embodiment alternatives suitable for
implementing the methods, processes, and/or systems
described herein are provided below, but not limited thereto.

The methods, processes, and/or systems described herein
can be implemented as a programmed general purpose com-
puter, an electronic device programmed with microcode, a
hard-wired analog logic circuit, soitware stored on a com-
puter-readable medium or signal, an optical computing
device, a networked system of electronic and/or optical
devices, a special purpose computing device, an integrated
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circuit device, a semiconductor chip, and a software module
or object stored on a computer-readable medium or signal, for
example. Moreover, embodiments of the disclosed methods,
processes, and/or systems (e.g., computer program product)
can be implemented 1n software executed on a programmed
general purpose computer, a special purpose computer, a
microprocessor, or the like.

Embodiments of the disclosed methods, processes, and/or
systems (or their sub-components or modules) can be imple-
mented on a general-purpose computer, a special-purpose
computer, a programmed microprocessor or microcontroller
and peripheral integrated circuit element, an ASIC or other
integrated circuit, a digital signal processor, a hardwired elec-
tronic or logic circuit such as a discrete element circuit, a
programmed logic circuit such as a programmable logic
device (PLD), programmable logic array (PLA), field-pro-
grammable gate array (FPGA), programmable array logic
(PAL) device, etc. In general, any process capable of imple-
menting the functions or steps described herein can be used to
implement embodiments of the methods, processes, systems
and/or computer program product (software program stored
on a non-transitory computer readable medium).

Furthermore, embodiments of the disclosed methods, pro-
cesses, and/or systems can be readily implemented, fully or
partially, in software using, for example, object or object-
oriented soiftware development environments that provide
portable source code that can be used on a variety of computer
platiorms. Alternatively, embodiments of the disclosed meth-
ods, processes, and/or systems can be implemented partially
or fully 1n hardware using, for example, standard logic cir-
cuits or a very-large-scale mtegration (VLSI) design. Other
hardware or software can be used to implement embodiments
depending on the speed and/or efficiency requirements of the
systems, the particular function, and/or particular soitware or
hardware system, microprocessor, or microcomputer being,
utilized. Embodiments of the disclosed methods, processes,
and/or systems can be implemented in hardware and/or sofit-
ware using any known or later developed systems or struc-
tures, devices and/or software by those of ordinary skill 1n the
applicable art from the function description provided herein
and with a general basic knowledge of imaging and/or com-
puter programming arts.

Certain features of the disclosed subject matter may some-
times be used to advantage without a corresponding use of the
other features. While specific embodiments have been shown
and described in detail to illustrate the application of the
principles of the invention, 1t will be understood that the
invention may be embodied otherwise without departing
from such principles.

It 1s, thus, apparent that there 1s provided, 1n accordance
with the present disclosure, systems and methods for the
control and calibration of a solar power tower. Many alterna-
tives, modifications, and variations are enabled by the present
disclosure. Features of the disclosed embodiments can be
combined, rearranged, omitted, etc., within the scope of the
invention to produce additional embodiments. Accordingly,
Applicants intend to embrace all such alternatives, modifica-
tions, equivalents, and variations that are within the spirit and
scope of the present invention.

The mvention claimed 1s:

1. A solar energy collection system comprising:

a plurality of heliostats configured to reflect sunlight to a
target mounted on a tower;

a plurality of heliostat controllers, each controller corre-
sponding to and controlling a respective one of the plu-
rality of heliostats;
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a plurality of cameras oriented to 1image the plurality of
heliostats, the heliostat controllers being configured to
control their respective heliostats such that sunlight
reflected therefrom 1s directed to at least one of the
plurality of cameras; and

a second controller which 1s configured to:
compute geometry data that defines a geometry of the

surface of one of the plurality of heliostats from cap-
tured 1images thereot, the geometry data designating a
plurality of subsections of the surface, the computing
including storing data indicating sections of the cap-
tured 1mages corresponding to the plurality of subsec-
tions of the one of the plurality of heliostats; and
calculate data indicating respective surface normals of

cach of said subsections of said one of the plurality of
heliostats.

2. The system of claim 1, wherein the plurality of cameras
are mounted on a tower.

3. The system of claim 2, wherein the plurality of cameras
and the target are mounted on the same tower.

4. The system of claim 1, wherein the plurality of cameras
are configured to capture images of the plurality of heliostats.

5. The system of claim 1, wherein the at least one of the
plurality of cameras captures at least two 1mages of said one
of the plurality of heliostats.

6. The system of claim 5, wherein for each additional
image, the corresponding heliostat controller controls said
one of the plurality of heliostats to shaft to a different position.

7. The system of claim 6, wherein the heliostat controllers
are configured to shift their corresponding heliostats an angu-
lar distance of approximately 1.25 milliradian 1n the elevation
axis and/or approximately 1.25 milliradian 1in the azimuth
axis.

8. The system of claim 1, wherein the plurality of cameras
turther comprises at least one of a heat shield and an optical
filter.

9. The system of claim 1, wherein each pixel of the cap-
tured 1mage defines a different subsection of the plurality of
subsections.

10. The system of claim 1, wherein the second controller 1s
configured to estimate at least one geometric parameter
which 1s common for each subsection of said one of the
plurality of heliostats based at least 1n part on the calculated
surtace normal of each subsection.

11. The system of claim 10, wherein the second controller
1s configured to estimate at least one geometric parameter
which 1s common for each subsection of said one of the
plurality of heliostats based at least 1n part on the calculated
surface normal of each subsection and at least one nominal
geometric parameter of said one of the plurality of heliostats.

12. A method of operating a solar energy collection system
comprising:

at first times:

(al) controlling a plurality of heliostats to reflect sun-
light to a receiver, the receiver being mounted on a
tower,
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at second times, different from said first times:

(b1) controlling at least one heliostat of the plurality of
heliostats to retlect sunlight to a camera;

(b2) acquiring multiple 1mages of said at least one
heliostat:;

(b3) subdividing each image of the multiple images into
a plurality of subsections, and calculating corre-
sponding data indicating an assignment of each sub-
section of the plurality of subsections to a specific
area of the at least one heliostat; and

(b4) calculating geometry data indicating a surface nor-
mal for each specific area of the at least one heliostat
responsively to the multiple images.

13. The method of claim 12, wherein the step (b2) of
acquiring multiple 1mages comprises shifting the at least one
heliostat an angular distance of approximately 1.25 mallira-
dian 1n the elevation axis and/or approximately 1.25 millira-
dian 1n the azzmuth axis and acquiring an 1mage after each
directional shiit.

14. The method of claim 12, further comprising, estimating
at least one geometric parameter which 1s common for each
specific area of the at least one heliostat of the plurality of
heliostats responsively to the surface normal of each specific
area.

15. The method of claim 14, further comprising, orienting
the at least one heliostat to reflect sunlight to the receiver
responsively to the at least one geometric parameter.

16. The method of claim 15, wherein the step of estimating
1s further based on a nominal geometric parameter of the at
least one heliostat.

17. The method of claim 12, wherein a shape of the at least
one heliostat 1s calculated based on the calculated geometry
data.

18. A method for controlling a solar energy collection
system, comprising:

capturing an 1mage of a first heliostat of a plurality of

heliostats:

subdividing the 1image into a plurality of subsections, and

calculating corresponding data indicating an assignment
of each subsection of the plurality of subsections to a
specific area of the first heliostat;

calculating the surface normal of each specific area of the

first heliostat; and

calculating the solar flux distribution on an external face of

a tower-based receiver based at least 1n part on the cal-
culating the surface normal of each specific area of the
first heliostat.

19. The method of claim 18, further comprising directing
the first heliostat of a plurality of heliostats to retlect incoming,
solar radiation onto aiming points on the external surface of
the recetver based at least in part on the calculating of the solar
flux distribution.

20. The method of claim 18, wherein the step of calculating,
the solar flux further comprises estimating the shape of the
beam reflected from the heliostat onto the external surface of
the recerver.
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